The present study aimed to investigate the effects of sevoflurane post-conditioning in a rat brain cerebral ischemia-reperfusion (i/r) model and examine its possible mechanism. rats were randomly divided into six groups: Sham control group (Sham), i/R group, sevoflurane group (Se), Toll-like receptor-4 (Tlr4) inhibitor group (Tak-242), nuclear factor (nF)-κB inhibitor group (QnZ) and Sevoflurane post-conditioning combined with Tlr4-nF-κB signaling pathway inhibitor group (Se + Tak-242). Morris water maze test and tetrazolium chloride staining were used to investigate the i/r injury. The nerve cell apoptosis and autophagy in cortical tissue were detected by Tunel and transmission electron microscopy, respectively. The expression of Tlr4 protein in cortical tissue was observed by immunohistochemical staining. The expression of autophagy and apoptotic associated proteins in cortical tissues and the activity of Tlr4-nF-κB signaling pathway were assayed by western blot analysis. Sevoflurane post-conditioning improved the learning and memory dysfunction caused by cerebral i/r injury. The cerebral infarction area, nerve cell apoptosis and formation of autophagic vacuoles were reduced after sevoflurane administration. The expression of light chain 3ii/i, Beclin-1, Bad and cleaved-caspase-3 proteins were inhibited and the expression of Bcl-2 protein was upregulated after sevoflurane administration. Sevoflurane post-conditioning also inhibited the TLR4 protein and nF-κB phosphorylation, and increased inhibitor of kBα phosphorylation. The treatment effect of Tak-242 and QNZ groups were not significantly different compared with the Se group (P>0.05), and the Se + Tak-242 group had the best results. The present study demonstrated that sevoflurane post-conditioning could protect middle cerebral artery occlusion-induced brain injury rats by inhibiting autophagy and apoptosis, and that its mechanism is related to the Tlr4-nF-κB signaling pathway.
Introduction
ischemia-reperfusion (i/r) injury is one of the main causes of brain damage and severe long-term disability (1) . i/r is easily triggered when a major cerebral artery is blocked. Middle cerebral artery occlusion (Mcao) is a widely accepted animal model used to study ischemia mechanisms (2) . although i/r stroke causes high mortality and morbidity in clinics, there is still no effective treatment to alleviate the resulting neurological damage. Thus, an effective therapy for i/r stroke is urgently required. autophagy and apoptosis usually following different types of brain injury (3) . autophagy is a self-destructive process and is implicated in the pathology of many neurodegenerative diseases (4) . Mounting evidence suggests that autophagy damages intracellular proteins and organelles, and autophagy always activates apoptosis to promote cell death (5, 6) . caspase-3 and Bcl-2 are important apoptotic regulators, which can determine the fate of cells (7, 8) . light chain 3 (lc3) and Beclin-1 participate in the regulation of neuronal autophagy (9) . Therefore, agents which can inhibit these cell death mechanisms may provide novel therapeutic strategies for the treatment of i/r injury.
Toll-like receptor-4 (TLR4) is the first line of defense in the brain (10) . it is mainly located on glial cells, including microglia, astrocytes and oligodendrocytes (11) . Tlr4 can activate many cytokines and promote the formation of active oxygen free radicals (12) . The nuclear factor (nF) κB pathway, which is activated by myocardial ischemia reperfusion, is involved in the tissue injury and stress reaction (13) . Previous studies have shown that brain cell apoptosis can be improved by inhibiting the Tlr4/nF-kB signaling pathway (14) . However, it remains unclear whether the Tlr4/nF-κB signaling pathway is involved in Mcao-induced i/r brain injury.
Sevoflurane is a volatile anesthetic that is often used in neurosurgery (15) . recently, a number of studies have demonstrated that sevoflurane post-conditioning exhibits neuroprotective effects, and the protective mechanisms may be attributed to its promoting autophagy properties (16, 17) . Previous studies also have revealed that sevoflurane post-conditioning displayed anti-information effects via the Tlr4-nF-κB signaling pathway (18) . However, the mechanisms underlying the protective effects of sevoflurane have yet to be elucidated. Therefore, in the present study, it is hypothesized that sevoflurane exerts neuroprotective effects by inhibiting autophagy and apoptosis during cerebral ischemia, and it was sought to verify whether sevoflurane improves the brain damage of Mcao rats through the Tlr4-nF-κB pathway.
Materials and methods
Animals. a total of 72 adult male Sprague dawley rats (8-9 weeks, 250-270 g) were purchased from the experimental animal Center of Suzhou Aiermaite technology Co. Ltd. (certificate no. ScXK20140007). The rats were housed in a SPF animal room with a temperature of 22±2˚C, a relative humidity of 50±10%, 12-h light/dark cycle and free access to water and food.
Ethics statements. all animal experiments were performed in accordance with the national institute of Health Guide for the care and use of laboratory animals (19) . animal protocols were approved by the institutional animal care and use Committee of The Affiliated Yantai Yuhuangding Hospital of Qingdao university.
Experimental procedure. a total of 36 rats were randomly divided into six groups (n=6): Sham control group (Sham), i/r group (i/R), sevoflurane group (Se), TLR4 inhibitor group (Tak-242), nF-κB inhibitor group (QnZ), and Sevoflurane post-conditioning combined with Tlr4-nF-κB signaling pathway inhibitor group (Se + Tak-242). The QnZ and Tak-242 groups to investigate brain damage related to nF-KB and Tlr4, and the Se + Tak-242 group to investigate the association of sevoflurane with NF-KB and TLR4.
The rat brain cerebral i/r model induced by middle cerebral artery occlusion (Mcao). rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.), a midline incision was made to expose the right common carotid artery, external carotid artery and internal carotid artery and the common carotid artery. in the external carotid artery, a small incision is made at the bifurcation of the common carotid artery. A nylon fishing line (0.26 mm in diameter; Ethicon) was inserted into the external carotid artery lumen for 18-20 mm until there was a slight sense of resistance. Then, 2 h later, the nylon fishing line was withdrawn and the animals were returned to their cages for reperfusion.
The rats in the Sham group had the right internal carotid artery exposed, but no embolization and no artery occlusion. The cerebral i/r injury model was established in i/r group. The rats in Se group were given 2% sevoflurane (Maruishi Pharmaceutical co., ltd.) by inhalation for 15 min immediately after reperfusion. The rats in Tak-242 group were injected with 1 mg/kg Tak-242 (cell Signaling Technology, inc.) via the tail vein immediately after reperfusion. The rats in QnZ group were injected with 100 nM QnZ (caS no. 545380-34-5, Medchemexpress) by tail vein immediately after reperfusion.
The rats in the Se + Tak-242 group were given inhaled 2% sevoflurane for 15 min and injected 1 mg/kg Tak-242 by tail vein immediately after reperfusion.
Specimen collection. after 14 days of reperfusion, a water maze experiment was performed to evaluate the spatial learning and memory abilities of the rats. Following Morris water maze test evaluation, the rats were anesthetized with intraperitoneal injection of sodium pentobarbital (40 mg/kg, i.p.) and decapitated in an ice bath. a portion of brain tissue was fixed in 4% paraformaldehyde solution at 4˚C for 6 h for subsequent Tunel and immunohistochemistry experiments, and part of cerebral cortex tissue was fixed in 2.5% glutaraldehyde solution for transmission electron microscopy.
Morris water maze test. The Morris water maze (Huaibei Zhenghua Biological instrument equipment co., ltd.) consists of a circular water tank and the water temperature was maintained at 24±2˚C. Rats were tested for place-learning acquisition with the escape platform (10-cm diameter) located in the middle of the southeast quadrant, 2 cm below water surface. The time of locating the submerged platform was measured. The rats started randomly from each of the four starting positions while facing the wall, allowing them to swim freely until they found the platform. at the end of each trial, the rat was allowed to stay on the platform for 15 sec. The rats were guided to the platform and left there for 15 sec if failing to find the platform within 90 sec. Each rat was tested 4 times a day, with an interval of 15-20 min, and the average was taken as the day's score for 5 days. on the day 6, the platform was removed and the animals were placed into the water from the first quadrant, the number of times the rat crossed the original platform within 90 sec was measured.
Cerebral infarction area was detected by tetrazolium chloride (TTC) staining. a total of 5 coronal slices were consecutively and equidistantly taken from the front to the back, spacing 2 mm. The slices were stained in 10 g/l TTc solution (Sinopharm Chemical Reagent Co., Ltd.) at 37˚C for 10 min in the dark and placed in PBS solution containing 40 g/l paraformaldehyde for preservation. normal brain tissue was stained red and infarct tissue white. images were obtained layer by layer and the infarct size of each layer was calculated using image J 1.43 (national institutes of Health).
Apoptosis of nerve cells detected by TUNEL. The brain tissue was fixed in 4% paraformaldehyde solution at room temperature for 24 h, paraffin-embedded, dehydrated in a graded ethanol series and coronally cut into 4 µm sections. Sections were deparaffinized using xylene and rehydrated in a descending ethanol series. Tunel assay (oriGene Technologies, inc.) was used to detect quantitatively the apoptotic neurons; 5 visual fields were randomly selected under a light microscope (BX50/olympus corporation). The normal nucleus was stained blue and the apoptosis-positive cells brown-yellow.
Expression of TLR4 protein in cortical tissue was detected by immunohistochemistry. The section were deparaffinized using xylene and rehydrated in a descending ethanol series, and the sections were blocked with normal goat serum (Beyotime institute of Biotechnology) at room temperature for 20 min and incubated with rabbit anti-TLR4 antibody (1:100; cat. no. ABIN1585859; Abbiotec LLC) at 4˚C overnight. Following washing with PBS, the sections were incubated with biotinylated goat anti-rabbit IgG antibodies (1:1,000; cat. no. YM-MY750J; Shanghai Yuanmu Biotechnology Co., Ltd.) at 37˚C for 15 min and rewashed with PBS. Then, the sections were incubated with streptavidin-biotin complex (Beyotime institute of Biotechnology) at 37˚C for 15 min, stained with 3,3'-diaminobenzidine and counterstained with hematoxylin at 37˚C for 3 min. Finally, the sections were dehydrated in a graded ethanol solution and cleared with xylene. The Tlr4 protein expression was viewed under a light microscope (magnification, x400; Olympus Corporation).
Formation of vacuoles in autophagosomes by electron microscopy. The cortical tissue fixed in 2.5% glutaraldehyde solution was rinsed in PBS and fixed with 1% citric acid at room temperature for 1 h. Following dehydration with a graded acetone series and embedding in Pon812 epoxy resin at room temperature for 12 h, the cerebral cortex tissue was cut into 1-µm sections. The sections were stained with uranyl acetate at room temperature for 30 min and washed with double distilled water. Then, the sections were stained with lead citrate at room temperature for 10 min and washed with double distilled water. The formation of vacuoles in autophagosomes was observed by electron microscopy (JEM-1400; JEOL, Ltd.) at room temperature. The number of autophagosomes was counted in a blinded manner (n=10), and 5 fields were selected for each specimen for statistical analysis.
Expression of autophagy and apoptosis related proteins were detected by western blot analysis. Protein was extracted from the cortical tissues using radioimmunoprecipitation assay lysis buffer (Beyotime institute of Biotechnology) and the concentration was measured using a bicinchoninic acid protein quantification assay. Protein (40 µg/lane) was subjected to 10% SDS-PAGE, followed by transfer to polyvinylidene difluoride membranes (Merck KGaa). The membrane was blocked with TBS-0.1% Tween-20 (TBST) solution containing 5% skim milk at 4˚C for 1 h. Then, the primary antibodies for LC3B (1: Statistical analysis. SPSS 19.0 (iBM corp.) was used to analyze the data. all data were reported as the mean ± standard deviation. one-way analyses of variance followed by lSd test was used for multi-group data analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Morris water maze test analysis. Spatial learning and memory ability in rats are shown in Fig. 1 . compared with the Sham group, the escape latency of the i/r, Se, Tak-242, QnZ and Se + Tak-242 groups were prolonged and the times across platform were reduced (P<0.05, respectively). at the same time, compared with the i/r group, the escape latency of the Se, Tak-242, QNZ and Se + Tak-242 groups were significantly reduced, and the times across platform increased significantly (P<0.05, respectively). compared with Se group, the spatial learning and memory ability of TaK-242 and QnZ groups were not significantly different (P>0.05, respectively). However, compared with Tak-242 group, the escape latency was shortened and the times across platform were significantly increased in Se + Tak-242 group (P<0.05). The results indicate that post-conditioning with sevoflurane can improve the learning and memory dysfunction caused by cerebral i/r injury.
Effects of sevoflurane post-conditioning on cerebral infarction area. Cerebral infarction was measured by TTC staining; normal brain tissue staining red and infarct tissue white. TTc staining demonstrated that there was no white infarcted area in the Sham group. However, white infarcts were seen in the i/r, Se, Tak-242, QnZ and Se + Tak-242 groups, mainly in the frontal, apical, and temporal cortex (Fig. 2a) . The results were expressed as percentage of infarcted area to non-infarcted area (Fig. 2B) . compared with the Sham group, the infarcted area to non-infarcted area of the drug groups increased significantly (P<0.05, respectively), while in the Se, Tak-242, QnZ and Se + Tak-242 groups, the infarcted area to non-infarcted area were significantly lower compared to the i/r group (P<0.05, respectively). compared with the Se group, the infarcted area to non-infarcted area of the TaK-242 and QnZ groups was not significantly different (P>0.05, respectively). However, compared with Tak-242 group, the infarct size of Se + Tak-242 group was significantly reduced (P<0.05). These findings demonstrated that sevoflurane post-conditioning can reduce the cerebral infarction area in rats with i/r. Fig. 3 , compared with the Sham group, Tunel positive cells in the neurons of the i/r, Se, Tak-242, QNZ and Se + Tak-242 groups were increased significantly (P<0.05, respectively). compared with the i/r group, the Tunel positive cells in the neurons of the Se, Tak-242, QnZ and Se + Tak-242 groups were relatively decreased (P<0.05, respectively). compared with Se group, the Tunel positive cells of TAK-242 and QNZ groups were not significantly different (P>0.05, respectively). However, compared with Tak-242 group, the Tunel positive cells in Se + Tak-242 group was significantly decreased (P<0.05). Those results demonstrated that sevoflurane post-conditioning exerted its protective effect by inhibiting the apoptosis of nerve cells.
Effect of sevoflurane post-conditioning on the apoptosis of nerve cells. as shown in

Effect of sevoflurane post-conditioning on the expression of TLR4 protein in hippocampus tissue. The expression of Tlr4
protein was observed under a microscope (Fig. 4) . compared with Sham group, the expression of TLR4 protein was significantly increased in the i/r, Se, Tak-242, QnZ and Se + Tak-242 groups (P<0.05, respectively). compared with the i/r group, the number of protein-positive cells were significantly decreased in the Se, Tak-242, QnZ and Se + Tak-242 groups (P<0.05, respectively). compared with the Se group, the number of positive cells in Tak-242 and QnZ groups were decreased, but no statistical differences was observed (P>0.05, respectively). compared with the Tak-242 group, the number of positive cells in Se + Tak-242 group was significantly decreased (P<0.05). The results demonstrated that sevoflurane post-conditioning can significantly inhibit the expression of TLR4 protein.
Effect of sevoflurane post-conditioning on the formation of vacuoles in autophagosomes.
The presence of autophagosomes or autophagic vacuoles in cells with a bilayer or monolayer is a morphological characteristic of autophagy (Fig. 5 ). compared with Sham group, the number of autophagic vacuoles was significantly increased after I/r injury (P<0.05, respectively). compared with the i/r group, the number of autophagic vacuoles were significantly reduced in the Se, Tak-242, QNZ and Se + Tak-242 groups (P<0.05, respectively). compared with Se group, no statistical differences were observed in the number of autophagic vacuoles of the TaK-242 and QnZ groups (P>0.05, respectively). compared with Tak-242 group, the number of autophagic vacuoles in the Se + Tak-242 group was significantly decreased (P<0.05). Those results suggested that sevoflurane post-conditioning can reduce the level of autophagy after cerebral i/r injury. Fig. 6 , compared with the Sham group, the protein expression levels of Beclin-1, Bad and cleaved-caspase-3, and the lc3ii/lc3i ratio were significantly increased in the I/r, Se, Tak-242, QnZ and Se + Tak-242 groups, and the expression of Bcl-2 protein was significantly decreased (P<0.05, respectively). However, the protein expression levels of Beclin-1, Bad and cleaved-caspase-3, and the lc3ii/lc3i ratio were inhibited and the expression of Bcl-2 protein was upregulated following sevoflurane, Tak-242 or QnZ administration. compared with the Se group, the results of the TAK-242 and QNZ groups were not significantly different (P>0.05, respectively). However, compared with the Tak-242 group, the expression levels of lc3-ii/i, Beclin-1, Bad and cleaved-caspase-3 in the Se + Tak-242 group were decreased, and the expression of Bcl-2 protein was increased (P<0.05). These findings demonstrated that sevoflurane exerts a neuroprotective effect by inhibiting autophagy and apoptosis.
Effect of sevoflurane post-conditioning on the expression of autophagy and apoptosis related proteins. as shown in
Effect of sevoflurane post-conditioning on the expression of TLR4-NF-κB signaling pathway related proteins. as shown in Fig. 7 , compared with Sham group, the protein expression levels of Tlr4 and p-nF-κB were significantly increased and the protein expression of p-ikBα was significantly decreased in the i/r, Se, Tak-242, QnZ and Se + Tak-242 groups. However, compared with the i/r group, the expression levels of Tlr4 and p-nF-κB proteins were inhibited and the expression of p-ikBα protein was upregulated in the Se, Tak-242, QnZ and Se + Tak-242 groups (P<0.05, respectively). compared with the Se group, the results of TaK-242 and QnZ groups were not significantly different (P>0.05, respectively). However, compared with Tak-242 group, the expression levels of Tlr4 and p-nF-κB in Se + Tak-242 group were decreased, and the level of p-ikBα was increased (P<0.05). These findings demonstrated that sevoflurane exerts a neuroprotective effect and its mechanism is related to Tlr4-nF-κB signaling pathway. that sevoflurane post-conditioning markedly ameliorated Mcao-induced spatial learning and memory impairment. TTC staining demonstrated that sevoflurane post-conditioning can reduce the cerebral infarction area in rats with i/r. These findings indicated that sevoflurane had neuroprotective effects in Mcao-induced cerebral i/r injury.
Discussion
apoptosis and autophagy participate in neuronal cell death and functional loss (20) . Previous studies have shown that autophagy can damage intracellular proteins, organelles and activate apoptosis to promote cell death (5, 6) . Previous studies have also demonstrated that attenuation of neuronal autophagy can improve cognitive performance (20, 21) . autophagy is a strictly controlled process mediated by many proteins (22, 23) . The initiation of autophagy leads to phosphorylation and activation of the unc-51-like kinase (ulK1) complex, and the ulK1 complex further activates the phosphatidylinositol-3 kinase class iii (Pi3K ciii) complex. during this process, various atg proteins are excited to form atg complex. The atg complex triggers the cleavage of pro-microtubule-associated lc3 to form lc3i which is then conjugated to phosphatidylethanolamine to form lc3ii (24) . caspase 3 can be activated via the amplification of extrinsic or intrinsic apoptotic signals (7) . conversely, Bcl-2 is an anti-apoptotic member of the Bcl-2 protein family, which has an important role in the regulation of caspase-related apoptosis (8) . in addition, Beclin-1 participates in the regulation of neuronal autophagy (25) . These results indicate that numerous cell apoptosis mechanisms may contribute to Mcao-induced brain injury. in the present study, nerve cell apoptosis and the formation of autophagic vacuoles were reduced after sevoflurane administration. In addition, the expression of lc3ii/i, Beclin-1, Bad and caspase-3 proteins were inhibited and the expression of Bcl-2 protein was upregulated following sevoflurane administration. These findings demonstrated that sevoflurane post-conditioning could protect Mcao-induced brain injury via the attenuation of neuronal apoptosis and autophagy.
The potential signaling pathway of sevoflurane influencing cerebral I/R injury was investigated further. TLRs are the first line of defense in the brain and Tlr4 serves the most important role during the course of brain damage caused by i/r (10, 26) . Tlr4 can activate many cytokines and promote the formation of active oxygen free radicals (12) . nF-κB is one of the major downstream transcription factors in Tlr signaling pathways and a previous study suggested that Tlr4 could induce the activation of nFκB (27) . nF-κB is a key regulator for a variety of genes involved in cell survival and inflammation, and is activated following cerebral ischemia in neurons, endothelial cells, astrocytes, microglia and infiltrating inflammatory cells (28) . nF-κB releases its cytoplasmic inhibitory protein iκB by phosphorylation, inducing the nuclear translocation of the active transcription factor complex (29) . The present study demonstrated that sevoflurane post-conditioning inhibited the TLR4 protein and nF-κB phosphorylation, and increased ikBα phosphorylation in the hippocampus. Tak-242 and QnZ, inhibitors of Tlr4 and nF-κB, were used in the present study. The expression levels of lc3ii/ii, Beclin-1, Bad and caspase-3 proteins were inhibited and the expression of Bcl-2 protein was upregulated following Tak-242 or QnZ administration. Based on these data, it was hypothesized that sevoflurane may protect against cerebral i/r injury via the Tlr4-nF-κB signaling pathway.
In summary, the present study indicated that sevoflurane post-conditioning had protective effects against cerebral I/R injury. The neuroprotective effects of sevoflurane may be attributed to inhibiting autophagy and apoptosis, and its mechanism is related to the Tlr4-nF-κB signaling pathway. The findings provided further insight into the mechanism by which sevoflurane exerts its neuroprotection and suggested that sevoflurane might be of therapeutic value for the treatment of ischemic stroke. However, in future studies, an in-depth study of time gradients or concentration gradients will need to be performed to clarify the effectiveness of the treatment. 
